Voltage measurements made in the CAM-1 submarine cable located between Sesimbra (Lisbon) and Madeira Island have been used in combination with magnetic observations carried out in the geomagnetic observatory of Guimar (Canary Islands), to estimate the deep geoelectrical structure beneath the ocean. Apparent resistivities and phases were calculated from those data sets. Published geomagnetic deep sounding results were used to correct the CAM-1 response for static-shift distortion. Magnetic transfer function (tipper) and invariant apparent resistivity and phase obtained from the determinant of the impedance tensor (Z det ) on-shore in SW Iberia were used in the modelling in order to better constrain some model parameters.
I N T RO D U C T I O N
The upper-mantle conductivity structure in continental regions and beneath oceans has been studied using long-period magnetotelluric measurements (MT) and geomagnetic deep soundings (GDS) (Larsen 1975; Filloux 1980; Egbert et al. 1992; Schultz et al. 1993; Heinson 1999) . Studies on spatial characterization of the electrical conductivity distribution in depth using potential variations over retired submarine cables have also been made over the past few years (Lanzerotti et al. 1986; Lizarralde et al. 1995; Vanyan et al. 1995 1998, among others). Most of those studies are, however, related to deep mantle structure beneath the Pacific Ocean.
References to similar geophysical studies that have been carried out in the Atlantic Ocean are few. Medford et al. (1981) investigated the induction phenomenon by the solar-induced quiet day currents (S q ) using measurements in the TAT-6 submarine cable from Rhode Island to France. However, the authors did not present any results concerning the conductivity structure of the Earth. Lanzerotti et al. (1986) analysed the induced voltage in a section of the TAT-7 transatlantic cable (from Tuckerton, New Jersey to Lands End, UK) to perform an electromagnetic study of the Atlantic continental margin. They observed a high correlation between the induced currents in the cable and the east-west magnetic field variations over a wide period range. According to Lanzerotti and his co-authors that behaviour might be associated with telluric currents flowing approximately in the north-south direction off the coast of the United States. The CAM-1 cable ( Fig. 1) connecting Madeira Island and Sesimbra on the Portuguese mainland, at an azimuth of ≈45
• E, was decommissioned in 1995 and its scientific use started at the end of 1998. The geographical coordinates of the cable ends are 38
• 15 N, 9
• 00 W (Sesimbra) and 32
• 39 N, 16
• 48 W (Porto Novo in Madeira). The length of the cable is approximately 1150 km, with 35 unpowered repeaters. The voltage difference between the central conductor of the cable and a sea ground is measured and digitized with a 16-bit ADC (a Campbell datalogger) at 2 s intervals, but only the 30 s averages are saved. The main characteristics of the cable, as well as of the data acquired during the first 15 months can be found in Monteiro Santos et al. (2002) .
The voltage measured between the ends of a submarine cable has three main sources: (1) geomagnetic field variations originating from time variations in the magnetosphere-ionosphere current system; (2) motions of the sea water through the geomagnetic field; and (3) leakage of telluric currents associated with the toroidal geomagnetic field at the core-mantle boundary. Voltage measurements carried out in the CAM-1 cable can be used, in combinations with magnetic field measurement performed at the nearest observatory that is relatively free of sources (2) and (3), to investigate the conductivity structure beneath the ocean crossed by the cable.
The Portuguese mainland has two distinct margins, the western and southern margins with quite different Mesozoic and Cenozoic tectonic settings. The western margin started its formation during Triassic rifting and has been considered a passive margin from Cretaceous times (after oceanic breakup between Newfoundland and Iberia) until the present. However, Ribeiro et al. (1996) proposed that the western Portuguese margin should be considered to be in a state of incipient subduction. Along the southern Portuguese margin, work based on restoration of plate movements of the North Atlantic Azores-Gibraltar region indicate consumption of approximately 150 km of crust between Portugal and Morocco from Late Cretaceous times to the present (Roest & Srivastava 1991) . Nevertheless, the subduction zone responsible for this process has not yet been found.
As a result of the geographical location of Madeira Island the cable crosses the Azores-Gibraltar fracture zone that is part of the boundary between the African and Euro-Asiatic plates.
The last re-opening of the Atlantic Ocean dates from 180 Ma and the Mid-Atlantic Ridge (MAR) has a low spreading rate. As the age of the oceanic crust rapidly increases with distance from the ridge axis, the ocean floor crossed by the CAM-1 cable is quite old.
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A discussion of the electrical structure of the deep earth beneath the cable, based on 1-D and 2-D modelling of the magnetotelluric response obtained from the CAM-1 cable, is presented in this paper.
R AW DATA
One month of recorded electric field at the cable terminals and geomagnetic data acquired at the Guimar Observatory (Canary Island) were used to estimate the MT responses. After having calculated the magnetic field components parallel and normal to the cable direction, the MT responses were calculated using Larsen's code (1989) . The C-response (or GDS response) estimated by Olsen (1998) from geomagnetic data acquired in observatories located on Iberia was employed to correct the CAM-1 apparent resistivity response for static shift, associated with galvanic distortion of the electric field. This methodology has been used for several authors, e.g. Lizarralde et al. (1995) , Neal et al. (2000) and Simpson (2002) . A frequencyindependent factor of 4.3 was applied to the CAM-1 response to correct for static shift (Fig. 2) . The geomagnetic deep sounding results allowed us to extend the bandwidth of the available MT data to periods of 10 6 s. The result, corresponding to the transfer function open triangles, data from HAW-1 cable (Lizarralde et al. 1995) ; open squares, data from JASC cable (Vanyan et al. 1998) ; crosses, GDS data (Olsen 1998). between the electric field measured along the cable and the magnetic field normal to the cable, shows very low apparent resistivities with phases increasing from almost 0 • to 60 • , in the period range from 1000 to 100 000 s. Fig. 2 compares the apparent resistivities and phases obtained from CAM-1 data with those data obtained in the eastern North Pacific using the HAW-1 cable (Lizarralde et al. 1995) and those obtained in the Sea of Japan, using the JASC-Japan Sea Submarine Cable (Vanyan et al. 1998) . The data from the JASC was not properly corrected for the static-shift effect but has been arbitrary shifted according to Olsen's GDS response, for comparison purposes.
It is interesting to note the similarity of all the apparent resistivity curves at periods greater than 60 000 s. For periods shorter than that value the JASC cable response is similar to Olsen's GDS but is different from responses of the CAM-1 and HAW-1 cables, which are very similar. The apparent resistivity curve presented by Vanyan et al. (1995) obtained from the Australia-New Zealand cable and covering the period range of 10 4 -2.5 × 10 5 s, shows a very similar pattern: the apparent resistivity increases up to its maximum approximately at 4.0 × 10 4 s followed by an almost constant decrease. The same behaviour can be observed in the data presented by Neal et al. (2000) from Honolulu. Moreover, CAM-1 apparent resistivity data, at periods greater than 10 5 s, is very similar to those presented by Neal and his co-authors sampled at Honolulu, Midway, Tucson and Carty Lake.
Except for the JASC cable, which seems to be shifted to high values, the phase responses also show a very similar pattern for periods greater than 60 000 s. These results suggest that a similar general pattern on the conductivity behaviour (i.e. a general increasing on the conductivity) can be expected for deep structures. The results also show that the upper-crust structures are quite different and strongly dependent on the site location.
1-D inversion
Shown in Fig. 3 (right) is the model of the electrical resistivity distribution that was obtained from CAM-1 data using a 1-D Occam approach (Constable et al. 1987) . The 1-D model response is compared with data in Fig. 3 (left). The rms is 0.88. The model suggests that the upper mantle (between 10 and 200 km depth) is resistive (with resistivity ranging from 300 to 1200 m, approximately). The integral resistivity of the model to 100 km depth is approximately 10 8 m 2 . At depths greater than 200 km there is a decrease in the resistivity, from 100 to 0.8 m at 650-700 km depth. The model reveals that the upper layers (corresponding to the oceanic crust) may have resistivities ranging from 1.3 to 300 m. This general pattern of the model is in accordance with the results obtained by Lizarralde et al. (1995) in the eastern North Pacific or by Fukao et al. (2001) in the Philippine Sea Plate in the sense that both models show a resistive layer located between 10 and 100 km depth and a conductivity enhancement with depth. Fig. 4 compares the 1-D model obtained from the CAM-1 cable with conductivity profiles obtained in the North Pacific, Fennoscadian Shield and in Iberia.
At depths ranging from 200 to 1000 km, the 1D-CAM-1 model agrees quite well with the mean 1-D model obtained by Olsen (1998) for Europe using Occam's inversion. It is also noted that the CAM-1 model is very similar to that obtained at the Fennoscandian Shield for depths greater than 100 km (Vanyan et al. 1980; Korja et al. 2002) . These are very interesting results, which suggest that there are only small differences at depths greater than 200 km, between the upper mantle beneath the ocean and that in the Iberia-Europe mainland. (Olsen 1998) and in the Fennoscadian Shield (Korja et al. 2002) . Marked are the variations in the 400-500 and 1200-1500 km discontinuities accepted by CAM-1 data.
T W O -D I M E N S I O N A L M O D E L L I N G

The 2-D modelling
A 2-D model was built to investigate the possible effect of the Iberian coast on the MT cable response and to assess the suitability of the 1-D model presented above. Coastal effects in general significantly distort Magnetotelluric responses calculated from submarine cables limiting their resolution of solid earth structures. The magnitude of the coast effects is largely dependent on the resistivity of the lithosphere and the existence of conductive pathways that allow the electrical coupling with less resistive deep structures (Lizarralde et al. 1995) . Vanyan & Repin (1996) examined the resolution of submarine cable data when used for MT studies. They showed that the sensitivity of the cable to the lithosphere structure depends on the variable L/g, where L is the length of the cable and 21:35 Geophysical Journal International gji˙2060 g is the galvanic constant defined by g = √ RS (Berdichevsky and Yakovlev, in Vanyan et al. 1995) . In this expression R is the integral resistivity and S is the integral conductivity of the sea water together with the bottom sediments. The integral resistivity is defined as R = ρ dz (Berdichevsky and Yakovlev, in Vanyan et al. 1995) . According to their results the maximum resolution of the conductivity distribution is achieved for L/g = 1. A ratio of 0.8 can be estimated for the CAM-1 cable, considering the 1-D model obtained by inversion. The results of those authors were obtained by assuming that the cable was directed perpendicular to the coastline, when the static shift effect seems to be more important. As the CAM-1 submarine cable is not directed perpendicular to the Iberian coastline our L/g result only give us an indication concerning the resolution that can expected from the CAM-1 cable data.
In order to better constrain the landward model, the 2-D interpretation of the CAM-1 data should be made in combination with some data acquired on land and not influenced by galvanic distortion, such as magnetic transfer functions from magnetovariational soundings. The magnetic transfer function (tipper) measured at two on-shore sites and the invariant apparent resistivities and phases calculated from the Z det -MT-impedance tensor measured at an on-shore site, were used in order to constraint the landward model (Figs 5a and b) . In the context of this work the model of the landward zone is meant to provide an approximate model for the Iberian electrical structure. Therefore, the use of invariant transfer function data is appropriate. The resistivity data on land are slightly affected by static shift and for this reason a correction was performed in order to align the determinant apparent resistivity and the GDS response. The tipper functions shown in Fig. 5(b) are the real and imaginary components in the cable direction and have been obtained by rotating the north-south and east-west measured ones.
Mathematical modelling was made by finite-element software based on work in Wannamaker et al. (1986) . The model response for the cable was calculated by integrating the transverse (H-polarized) component of the electric field along the cable and then dividing by the cable length. This gives the averaged electric field intensity E y between the cable ends. The medium response can be studied using the impedance tensor Z yx = E y /H x ref , where H x ref is the magnetic field at a reference site (Vanyan et al. 1995) . The impedance values obtained in this way and using the magnetic field on the seawater surface as a reference were used to estimate the apparent resistivity and phase model responses at periods ranging from 2000 to 100 000 s. 
The 2-D model
Only partial information can be obtained from a 2-D modelling approach, since it cannot represent the influence of all coastlines (Iberia and Africa) well. It is believed that the effect of the bathymetry is less important due to the length of the cable, which is long enough to smooth out local anomalies caused by bathymetry. Although it has limitations the 2-D modelling results should help to answer some pertinent questions.
(1) What is the general pattern of the resistivity distribution in the oceanic lithosphere and what is its resolution?
(2) What is the influence of the electric resistivity of the adjacent continent (Iberia)?
A 2-D model based on the 1-D model obtained from the inversion of CAM-1 data was considered first. In that model the structure found beneath the Atlantic Ocean for depths greater than 10 km was extended to Iberia landward. The uppermost part of the Iberian crust was considered as having a resistivity of 100 m. The cable responses calculated for this model are shown in Fig. 5(c) (shortdashed lines) . The responses of this initial 2-D model do not fit the CAM-1 magnetotelluric transfer functions. However, the on-shore responses fit the GDS data quite well for longer periods (solid lines in Fig. 5c ). The results indicate that the presence of the coastline generates a complex distortion pattern that affects the apparent resistivities and phases, almost over the whole period range used in the investigation.
The model obtained after several trials is shown in Fig. 6 and its responses are shown in Figs 5(a) and (b) . The misfit between theoretical and field data (only the cable data) is 1.1. Relative to the on-shore tipper functions only the general behaviour of the data was fitted. The biggest misfit, observed at periods shorter than 1000 s, is approximately 60 per cent and the agreement between the data and the response can only be considered satisfactory taking into account the simplicity of the model.
The ocean was taken to be a homogeneous medium with a resistivity of 0.3 m. A rough representation of the bathymetry has been included in the model. The sediment thickness close to Iberia was taken from seismic studies (Matias et al. 2002) . Sediments at the seafloor roughly follow the bathymetry and are represented by a conductive zone (2 m). This sediment resistivity value is in accordance with the sediment conductance data published by Flosadottir et al. (1997) . According to these authors the sediment conductance in the area between Madeira and Lisbon varies between 1000 and 2000 S. The model displays a more resistive structure (1000 m) beneath the ocean in the depth range between ∼7 and 100 km followed by more conductive zones (300-150 m) reaching depths of 1500 km. The model is ended with a conductive layer (0.8 m). In the adjacent continent the crust structures close to the ocean are revealed as conductors (0.5 m). Inside the continent the resistivity of the crust is 120 m to a depth of 500 km followed by a low-resistivity (0.8 m) layer. This landward model is similar to the mean four-layer model obtained by Olsen (1998) for Europe (resistivities of 76, 4.5, 5.9 and 0.662 m and thickness of 520, 126 and 145 km, respectively).
It can be noted that the general feature of the geoelectrical structure beneath the ocean shown in the 2-D model up to a depth of 200 km is quite similar to that revealed by 1-D inversion model (Fig. 4) . The most significant differences between those models appear at depths ranging from 500 to 1500 km.
The integral resistivity is the most characteristic parameter when studying oceanic lithosphere from cable data (see Vanyan et al. 1995) . The integral resistivity of the resistive lithosphere in the model shown in Fig. 6 is of 9.0 × 10 7 m 2 , which is almost the same as that in the 1-D model obtained by inversion. The conductance or integral conductivity of the seawater and sediments is 14 700 S, taking 4 and 3 km as median values for the sea depth and the sediment thickness, respectively.
Sensitivity tests
In order to investigate the sensitivity of the model to the lithosphere layer the model responses for two different values of its resistivity 21:35 Geophysical Journal International gji˙2060
Lithosphere conductivity structure 597 (100 and 10 000 m) have been computed. The integrated resistivity is then 9.0 × 10 6 and 9.0 × 10 8 m 2 , respectively. The corresponding responses are shown in Figs 7(a) and (b) . No significant changes can be noted in the magnetic transfer function (tipper) at on-shore sites. Variations in the phase responses at very long periods when the resistivity of the lithosphere is increased to 10 000 m are noted. This high resistivity allows the fields to penetrate deeper, and so the low conductive zone is reached at short periods, causing the phase to increase. More systematic changes are noted in phase values at periods ranging from 10 4 to 10 5 s, when the resistivity between 10 and 100 km depth is lowered to 100 m (solid lines in Fig. 7a ).
Changes (not plotted) within the error bars can be observed at periods lower than 4 × 10 4 s when the 500 km boundary is moved to 400 km depth. However, an increasing misfit is noted when the resistivity of 150 m is made less than 100 m. No significant differences are observed when the thickness of the 1000 m layer varies by changing the depth of its deepest boundary from 100 to 500 km (solid lines in Fig. 7c) , that is, when the integral resistivity of the lithosphere increases from 9.0 × 10 7 to 6.0 × 10 8 m 2 . The cable data show poor sensitivity to the position of that boundary. The magnetic transfer functions measured on land and close to the coast also show very small variations at very long periods (not shown). Although not shown, slight variations 21:35 Geophysical Journal International gji˙2060 598 F. A. Monteiro Santos et al. were observed in the model responses when the interface located at 1500 km depth was moved up to 1200 km. However, the 2-D model of the CAM-1 data does not support a discontinuity in resistivity at 700 km depth without a strong misfit at periods greater than 2 × 10 4 s. Figs 7(c) and (d) show the results obtained by considering variations on the resistivity of the immediately adjacent continental crust (from 0.5 to 100 m). The response of the submarine cable does not show any variation when changing this model parameter (dashed lines in Fig. 7c) . By comparison the tipper responses show huge changes, mainly in the real part and at short periods (Fig. 7d) . This result suggests that coastal effects are only responsible for the long-period feature of the tipper function and that its short-period behaviour is mainly due to middle-crust conductive structures. Nevertheless, the geological meaning of such structures is completely unknown, at the moment.
D I S C U S S I O N
It is known that the uppermost oceanic mantle is generally highly resistive (of the order of 10 5 m) and that the resistivity of the continental upper mantle is several orders of magnitude lower (Jones 1999) . Long-period electromagnetic measurements in stable continental regions (continental shields) indicate that the resistivity of the asthenosphere lies in the range 50-300 m, whereas electromagnetic observation on the sea bottom suggest that the resistivity of the oceanic asthenosphere might be in the range 10-30 m (Heinson 1999) .
The 2-D modelling results of CAM-1 data indicate that the resistivity of the lithosphere beneath this part of the ocean is slightly elevated relatively to that in the Iberian landward part, suggesting the existence of a small heterogeneity between oceanic and continental upper mantle. However, the differences between oceanic and continental structures at depths of 500 km are more significatives. When compared with results obtained at different sites (in oceans) of the Earth, it is noted that the CAM-1 resistivity profile, derived from 2-D modelling, is more resistive for depths in the depth range 100-500 km. In fact, several differences exist between the crust studied by Heinson et al. (2000) in the Reykjanes Ridge by Nolasco & Tarits (2000) in Hawaii, by Neal et al. (2000) in oceanic sites at Honolulu and Midway or by Lizarralde et al. (1995) in the Pacific Ocean and that sampled by the CAM-1 cable in the Atlantic Ocean. The Pacific crust is a moderately young crust associated with an actively spreading plate. In the Hawaii region the presence of a hotspot is recognized and the Reykjanes Ridge is a known volcanic ridge. The crust sampled by CAM-1 cable is old and not related to any current spreading activity. These basic differences should be enough to justify the main difference observed between those conductivitydepth profiles: in the depth range 100-300 km the integral resistivity estimated from CAM-1 is higher than those estimated for the Pacific and Hawaii crust.
The worldwide seismic discontinuity at 660 km depth, which is accepted to represent the boundary where γ -spinel changes into phases of perovskite and magnetowustite (Ito et al. 1984) , seems to be well characterized in the 1-D inversion model obtained from CAM-1 data (Fig. 3) . However, the 2-D interpretation of the same data does not seem to be compatible with a discontinuity at that depth.
Recent laboratory data suggest that a step increase in two orders of magnitude in electrical conductivity can be expected at the 410 km discontinuity (Xu et al. 1998) . It was also noted, during the sensitivity tests that the 2-D model supports a discontinuity at 400 km, the depth of the olivine-spinel transformation. In fact, the model cannot distinguish properly the depth of this discontinuity since almost the same response is obtained when the discontinuity is located at a depth of 500 km. This discontinuity is not, however, well defined in the 1-D inversion model. Egbert et al. (1992) found that their data from western North America was consistent with a step increase in conductivity at around 400 km. Our 2-D data is consistent with that discontinuity but does not require it. However, the step transition in our model is not strong beneath the ocean. The mean model for Europe obtained by Olsen (1998) shows a discontinuity at 520 km depth with quite a strong conductivity transition. According to Xu et al. (1998) a phase change from wadsleyite to ringwoodite at 520 km should give rise to a minor increase in conductivity. Therefore, the conductivity profile beneath the CAM-1 cable obtained from 2-D modelling seems to be more compatible with a step transition at 500 km than with one at 400 km depth.
It is recognized that deep electrical conductivity profiles can provide additional constraints on the thermal and geochemical state of the mantle (see, e.g., Hirth et al. 2000, and references therein) . The image that is emerging from the restricted number of deep electrical conductivity profiles carried out over the whole planet shows a considerable lateral variation in the conductivity of the upper mantle. In particular, the conductivity in the depth range between 100 and 250 km is significantly greater under oceanic zones than under old continental zones (Hirth et al. 2000) . These results have been interpreted in terms of different water content: the Archaean lithosphere contains less water than the oceanic mantle at that range depth (Evans et al. 1999; Hirth et al. 2000) . Fig. 8 compares our conductivity profiles under the ocean with conductivity profiles for dry (Constable et al. 1992 ) and H + -saturated olivine (Karato 1990; Lizarralde et al. 1995) and the conductivity profile for an isotropic mantle containing olivine with 1000 ppm water. This last profile, presented by Hirth et al. (2000) , was calculated using the Nenst-Einstein relation (see Hirth and co-authors' paper for details). The conductivity estimated from CAM-1 cable data at depths greater 100 km is too high to be explained by conduction in a dry mantle and too low to be explained by a water-saturated mantle. The conductivity of that part of the lithosphere seems to be consistent with an isotropic undersaturated upper mantle.
C O N C L U S I O N S
Voltage measurements made between the ends of the CAM-1 submarine cable have been used to estimate the geoelectrical structure beneath the ocean between Lisbon and Madeira Island. Using the cable data and the magnetic observations carried out during 1999 March in the geomagnetic observatory of Guimar (Canary Islands) the apparent resistivities and phases were calculated. The magnetic transfer function (tipper) measured in two long-period (magnetovariational) stations located on land but near the coastline, as well as the invariant apparent resistivity and phase obtained at one site in SW Iberia were included in the modelling in order to better constrain some model parameters.
The results obtained by 1-D inversion and 2-D trial-and-error modelling suggests a basic three-layer geoelectrical structure beneath the ocean and a two-layer earth in Iberia. The 2-D model results indicate the existence of a heterogeneity between oceanic and continental lithosphere/asthenosphere. The conductance of the uppermost layer, representing marine sediments and sea water, most probably is 14 700 S. The most probable order of the integral 21:35 Geophysical Journal International gji˙2060
Lithosphere conductivity structure 599 (Constable et al. 1992) and Hashin-Shtrikman bounds for isotropic olivine saturated in hydrogen (B) (Karato 1990; Lizarralde et al. 1995) . Curve C is a conductivity-depth profile for an isotropic mantle containing olivine with 1000 H/10 6 Si, as presented by Hirth et al. (2000) .
resistivity of the lithosphere layer sampled by CAM-1 data lies in the range 9 × 10 7 -6 × 10 8 m 2 . The modelling experiments described above have shown the following.
(1) The apparent resistivities estimated from the submarine cable show significant sensitivity to the continental geoelectrical structure. In the absence of a subduction zone near the continental margin the electrical connection with deep conductors might be provided by landward crustal structures.
(2) The tipper functions measured on the continent are not significantly affected by the layered structure of the middle lithosphere beneath the ocean.
(3) The cable responses do not display an important sensitivity to the integral resistivity of the lithosphere structure in the 100-500 km depth interval. However, the 2-D model results are compatible with a resistivity discontinuity at 500 km depth.
The conductivity-depth profile obtained in this work was compared with those obtained from studies in the Pacific Ocean, indicating that the lithosphere in this part of the Atlantic is more resistive than in the Pacific for depths between 100 and 500 km. The most probable explanation for this feature is the long-term stability (or very low activity) of the sampled Atlantic region.
The analysis of our conductivity-depth profile in conjunction with theoretical results based on olivine properties indicates that our result is compatible with an isotropic but undersaturated mantle.
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